In this paper the development of a capacitive microphone with integrated preamplifier is described. The condenser microphone is made by micromachining of polyimide on silicon, and is compatible with CMOS technology. Therefore, the structure can be realised by post processing on substrates containing integrated circuits, independently of the IC process. Microphones with a required DC bias voltage of 4 V have been realised on a CMOS substrate containing PMOS buffer preamplifiers. From the measurements on these structures, it is illustrated how an immediate improvement of 4.8 dB of the microphone sensitivity and noise level can be obtained by using the integrated preamplifier. The measured sensitivity of the integrated condenser microphone was 2.5 mV/Pa and the equivalent noise level (ENL) was 29.5 dB(A) SPL.
INTRODUCTION
The evolution of a new generation of small-size highperformance microphones based on silicon micromachining technology has until now been focused on the need to monolithically integrate the sensor structure with an electronic circuit to maximise the performance. Since most sensor fabrication processes are incompatible with IC processes, new developments have been required to attain a reliable, noninterfering and simple sensor process, which can be performed after completion of the integrated circuit. For this purpose, the sensor structure shown in figure 1 has been developed [l] . As opposed to more conventional silicon sensors, this sensor is a plastic (polyimide) structure made directly on the substrate by micromachining. The advantage of this structure is the lowtemperature (<300 "C) fabrication process, which can be performed on substrates containing integrated circuits without inflicting any damage. 
FABRICATION TECHNOLOGY
The fabrication process on substrates with circuits made with a twin-well CMOS process is shown in figure 2 . Firstly, the Cr/Au/Cr diaphragm electrode is deposited and patterned using lift-off with photoresist. This ensures that the metal never is in direct physical contact with the surface of the integrated circuit. Thereafter, the first polyimide layer is spun onto the substrate, patterned and cured at 300 "C, yielding the structure in figure   2 (a). 
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sacrificial layer is deposited and patterned, during which the integrated circuit is protected with photoresist, and a second CriAuiCr electrode is deposited and patterned ( figure 2(b) ). After applying and curing the second polyimide layer, a Cr etch mask is deposited and patterned on the backside of the substrate ( figure 2(c) ). The sacrificial AI layer is then etched to realise the air gap, and finally the substrate is etched from the backside using reactive ion etching, in which the CriAulCr diaphragm electrode also serves as en etch-stop ( figure 2(d) ). The realised microphones have a diaphragm size and thickness of 2 mm and 1 pm, an air gap of 2 pm, and a backplate thickness of 17 pm.
MEASUREMENTS AND RESULTS
Microphones have been integrated with a CMOS preamplifier, the gain and bandwidth of which was measured to be -0.75 dB and 180 kHz. In figure 3 , a photograph of a substrate containing integrated condenser microphones and preamplifiers is shown. The microphone has been characterised in an acoustical set-up, in which the frequency response may be measured and compared to that of a reference microphone [2] . The frequency response of the condenser microphone was measured both with the integrated preamplifier (A) and with an external preamplifier in the measurement setup (B). From the results shown in figure 4 , it can be seen that the measured sensitivity of the microphone increases by 4.8 dB if the integrated amplifier is used, which is due to the reduced parasitic loading of the microphone. The A-weighted noise at output of the preamplifier was measured in both situations to be 1.5 pV for a bandwidth of 200 kHz. Therefore, the 4.8 dB increase of the output signal with the integrated amplifier gives a direct improvement of the ENL by 4.8 dB. The ENL was calculated to be 34.3 dB(A) SPL with the external amplifier and 29.5 dB(A) SPL with the integrated amplifier, which is more than sufficient to detect normal human speech (50-70 dB SPL). min.
The 3-dB cut-off frequency of the microphone is 2.3 kHz, and the collapse voltage was measured to be 6 V. The bandwidth and the sensitivity of the microphone can be increased by increasing the air gap and/or the diaphragm thickness. To increase any of these parameters, however, a higher DC bias voltage is required. This can be achieved with a DC-DC voltage converter circuit, which has already been realised on the CMOS chip, and which can provide voltages of up to 18 V from a 2.4 V power supply.
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CONCLUSIONS
A high performance integrated condenser microphone has been realised by performing a micromachining process on a completed CMOS substrate. The polyimide structure can be produced without harming the electronic circuits, and has proven to provide microphones with excellent properties, regarding noise level and sensitivity. Currently, integrated microphones with increased air gap and diaphragm thickness are being realised, providing a wider bandwidth and higher sensitivity. The performance of these devices are expected to be sufficient for hearing aid applications (ENL <24 dB(A) SPL).
